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Abstract 
A method that is based on the initial slagging routes and the sintered/slagging route has been developed 
and used for predicting the ash deposition propensities of coal combustion in utility boilers supported by 
the data collected from power stations. Two types of initial slagging routes are considered, namely (i) pyrite- 
induced initial slagging on the furnace wall, and (ii) fouling caused by the alkaline/alkali components con- 
densation in the convection section. In addition, the sintered/slagging route is considered by the liquids tem- 
perature, which represents the melting potential of the main ash composition and is calculated using the 
chemical equilibrium methods. The partial least square regression (PLSR) technique, coupled with a cross 
validation method, is employed to obtain the correlation for the ash deposition indice. The method has been 
successfully applied to coals/blends combustion in boilers, ranging from low rank coals to bituminous coal. 
The results obtained show that the developed indice yields a higher success rate in classifying the overall 
slagging/fouling potential in boilers than some of the typical slagging indices. In addition, only using the 
SiO 2 /Al 2 O 3 ratio to predict the melting behaviors and slagging potential is inaccurate since the effect of the 
SiO 2 /Al 2 O 3 ratio is dictated by both the original ash composition and the way in which the SiO 2 /Al 2 O 3 ratio 
is changed. Finally, the influence of the acid components (SiO 2 and Al 2 O 3 ) on the ash deposition prediction 
is investigated for guiding the mineral additives. It is noticed that the predicted ash deposition potentials of 
the three easy slagging coals investigated decrease more rapidly by adding Al 2 O 3 than by adding SiO 2 . 
© 2016 by The Combustion Institute. Published by Elsevier Inc. 
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http://dx.doi.org/10.1016/j.proci.2016.06.060 1. Introduction 
Considerable progress has been made in the 
last decades in understanding the ash deposition 
mechanisms of various coals. For example, Eastern lsevier Inc. 
n propensity of coals/blends combustion in boil- 
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Fig. 1. Schematic of the ash deposition routes in boilers (modified from [1,7,8] ). 
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 S coals (such as Illinois and Appalachian coals)
ave higher concentrations of Fe components
han Western US coals [1] , and the initial slagging
aused by the pyrite is one of the main issues
elated to slagging problems [1–3] . For low rank
estern US coals (such as Wyoming and Mon-
ana coals) which have higher concentrations of 
lkaline/alkali components than Eastern US coals,
ouling in the convection section is a serious prob-
em [4–6] . Figure 1 shows the main ash deposition
echanisms for US coals in utility boilers [1,7,8] .
enerally, it is regarded that ash deposition can
e mainly dictated by three different routes: (i)
yrite-induced initial slagging route generates from
he pyrite particles due to its large density and low
elting temperature under reducing atmosphere
n the furnace wall [3,8,9] ; (ii) Fouling-induced ini-
ial slagging route generates from the condensation
f alkali vapors and thermophoretic deposition
f aerosol/fume particles on the superheaters or
conomizers; (iii) The sintered/slagging route is
riggered by the molten matrix generated from
he major basic components reacting with clay
nd quartz, etc., and the reducing atmosphere can
romote this process when a high Fe concentration
s present in the coal [1,7] . Furthermore, severe
lagging in the furnace chamber could increase the
urnace exit gas temperature (FEGT) and hencePlease cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 this may further aggravate the ash deposition in
the convection section. Therefore, the severe ash
deposition in boilers could be triggered by the three
different routes and a successful ash deposition in-
dice should be capable of predicting the deposition
formation from these three formation routes. 
Although there exist several publications on
developing a slagging indice for coal combustion,
most of these methods were developed either based
on slagging observations in entrained flow reac-
tors or by only considering the sintered/slagging
route [10–15] . Gibb [12] developed a slagging
indice based on the computer controlled scanning
electron microscopy (CCSEM) based mineral
composition in the coal. This indice was developed
based on the assumption that the degree of assimi-
lation of iron and calcium into the aluminosilicate
glass determines the ash deposition characteristics
of the coal. This assumption neglects the influ-
ence of the initial slagging routes caused either
by pyrite or by condensation. McLennan et al .
[11] developed an iron-based slagging indice based
on the included and excluded iron related minerals
composition in the coal. However, this indice only
considers the effect of iron related minerals on
the slagging behavior. Also, both of these two
CCSEM slagging indices are yet to be validated
with full-scale field observations in boilers [15] . Inn propensity of coals/blends combustion in boil- 
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 addition, Barroso et al . [14,16] employed conven-
tional slagging indices to predict the slagging po-
tential of coals/blends in an entrained flow reactor.
It was found that by incorporating the aerodynamic
diameter of fly ash particles into the conventional
slagging indices one can improve the prediction
performance because the aerodynamic diameter is
proportional to the particle Stokes number which
determines the particle impaction efficiency [1,15] .
It should be noted that the fluid velocity in the EFR
is as low as approximately 0.5 m/s [14,16] , which
means that particles may not have enough kinetic
energy to rebound from the deposition surface af-
ter impaction and hence deposition accumulation
could increase with an increase in the aerodynamic
diameter under this low velocity condition in EFR
[17] . However, the fluid velocity could be as high
as 10–25 m/s in pulverized coal boilers and, for the
particles with similar aerodynamic diameter, it is
possible to have high enough kinetic energy (pro-
portional to the square of the velocity, possible
20 2 –50 2 times higher than in the EFR) to re-
bound from the deposition surface after impaction
[17,18] . Therefore, the conclusions from the low
velocity conditions of the EFR may not be suitable
for the real conditions in boilers. Moreover, for
some of the existing typical slagging indices (B/A,
B/A ∗Sulfur, Si value, etc.), the slagging prediction
for the sintered/slagging route directly employs the
mass fractions of ash components and assumes
the same contribution of each basic or acid com-
ponent to the slagging prediction. However, the
sintered/slagging layer is not linearly related to the
mass fraction of the basic or acid components [19–
21] . Further, fuel ash content and heating values
are important factors of ash deposition forma-
tion. A numerical slagging indice (NSI) has been
developed to reflect these factors for both single
coals and blends of coal and biomass [10,22,23] .
The NSI has shown reasonable success in ranking
the slagging potentials of some of the world trade
coals. Nevertheless, in general uncertainty still
exists in the understanding of the contributions
from different slagging routes and correlations
between the existing coal slagging indices and the
actual observations made in conventional boilers. 
This paper takes a new approach to build an ash
deposition indice for fuel slagging propensity anal-
ysis. The ash deposition indice takes into consid-
erations the multi-ash deposition routes which ex-
ist in industrial boilers and the indice is developed
with support from the actual observations made in
a range of industrial boilers. The sintered/slagging
route is predicted by using the overall melting po-
tential of the major ash components through the
chemical equilibrium calculations; the initial slag-
ging route caused by either the pyrite or the al-
kaline/alkali components is predicted by using the
amount of the related basic ash components; the
known slagging observations for coal combustion
in boilers are used as the training data to acquirePlease cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 the correlation of the slagging indice. The partial 
least square regression (PLSR) method, coupled 
with cross-validation, is employed to develop the 
slagging indice. The study reported in this paper is 
mainly based on the available data for typical US 
coal, and the results are compared with the field ob- 
servations for 30 sets of coals/blends combustion in 
boilers. 
2. Mathematical models 
2.1. Model assumptions 
(i) Both the Fe 2 O 3 content and total sulfur con- 
tent are employed to represent the pyrite con- 
tent in the US coals, which can be used to 
represent the severity of the initial slagging 
route [9,11] . Therefore, it is assumed that the 
pyrite-induced initial slagging route can be 
accounted for by the amount of the Fe 2 O 3 
content and the total sulfur content. 
(ii) The alkaline/alkali content is used to rep- 
resent the initial slagging route (or fouling 
route) caused by condensation of the vapor 
species because the alkaline/alkali content is 
directly related to the accumulation of the 
fouling potential [13] and the alkali content 
is proportional to the content of the alkali 
phases in the flue gases [24,25] . 
(iii) The SiO 2 + Al 2 O 3 content is considered in the 
model. This is because the acid components 
could have dual effects on the slag forma- 
tion: (a) The high amount of acid compo- 
nents could increase the melting point and 
the viscosity of the ash [26] , which can de- 
crease the sintered/slagging propensity; (b) 
The acid components could possibly capture 
the alkali/alkaline components to decrease 
the alkali evaporation into flue gas [24,25] as 
well as pyrite to decrease the formation of 
high molten Fe 2 + -slag and Fe 3 + -slag [27,28] , 
that can in turn decrease the initial slagging 
routes. 
(iv) The melting capabilities of the major ash 
composition under oxidizing/reducing atmo- 
sphere are employed to represent the sin- 
tered/slagging route [29,30] . This assumption 
is employed for all types of coals. In order to 
evaluate the melting capability, liquidus tem- 
perature (LT) is employed and predicted by 
using the chemical equilibrium calculations. 
(v) For those coals with Fe 2 O 3 as the major ba- 
sic oxide, the deposition is formed mainly 
in the radiant section with the slag rich in 
the iron content [8] . However, for the coals 
with alkaline/alkali constituents as the ma- 
jor fluxing mineral, serious ash deposition 
(fouling) is observed in the convection sec- 
tion [31] . Hence coal ash can be classified into 
two types, the lignitic and bituminous types n propensity of coals/blends combustion in boil- 
 Proceedings of the Combustion Institute (2016), 
4 X. Yang et al. / Proceedings of the Combustion Institute 000 (2016) 1–10 
ARTICLE IN PRESS 
JID: PROCI [m; June 20, 2016;17:59 ] 
 
 
 
 
 
 
 
 
 
p  
d  
c  
i
a  
t  
a  
t  
s
c  
p  
s  
t  
g  
v  
l  
t  
t  
t  
(  
d  
n  
l  
[
2
 
w  
t  
T  
a  
M  
w  
m  
t  
 
e  
E  
m  
w  
j  
M  
N  
i  
e  
a  
v  
Fig. 2. The algorithm for the PLSR coupled with cross- 
validation. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 of ash [14,32] . For lignitic type ash defined as
the amount of either alkaline or alkali com-
ponents being greater than the amount of 
Fe 2 O 3 , only the initial slagging route caused
by the alkaline/alkali condensation is consid-
ered as the major initial slagging route. For
bituminous type ash defined as the amount
of Fe 2 O 3 being greater than the amount of 
alkaline and alkali components, only the ini-
tial slagging route caused by the pyrite is con-
sidered as the major initial slagging route. 
Therefore, based on the above assumptions, the
roposed method to build the ash deposition in-
ice is developed as follows: for bituminous type
oal, the liquidus temperatures under the oxidiz-
ng atmosphere and the reducing atmosphere (LT o 
nd LT r ), the SiO 2 + Al 2 O 3 content, the Fe 2 O 3 con-
ent and the total sulfur content can be employed
s the independent variables; for lignitic type coal,
he liquidus temperatures under oxidizing atmo-
phere and reducing atmosphere, the SiO 2 + Al 2 O 3 
ontent, and the alkaline/alkali content can be em-
loyed as the independent variables. The overall
lagging/fouling observations can be employed as
he dependent variable. The partial least square re-
ression (PLSR) technique, coupled with a cross
alidation method, is employed to obtain the corre-
ation for the indice. This is because (a) in this work,
he data of slagging observations is limited and
he independent variables in the method to build
he ash deposition indice are highly correlated, and
b) the PLSR method is specifically designed to
eal with multiple regression problems where the
umber of observations is limited and the corre-
ations between the independent variables are high
33] . 
.2. Prediction of the liquidus temperature 
The liquidus temperature is the temperature at
hich the first solid phase just starts to precipi-
ate on the cooling of a slag–liquid oxide melt [21] .
he temperature is predicted based on the major
sh composition (Al 2 O 3 , SiO 2 , Fe 2 O 3 , CaO, and
gO) by using the chemical thermodynamics soft-
are FactSage 6.4 [21] . The software is based on the
inimization of the Gibbs free energy from the sys-
em subject to the mass balance constraints [34,35] .
The calculations were performed by using the
quilibrium module together with the databases
LEM, FToxid, FTsalt and FACTPS. The slag
odel chosen in the calculations was the ‘SLAGA’
ith possible 2-phase immiscibility [21] . Five ma-
or ash components (Al 2 O 3 , SiO 2 , Fe 2 O 3 , CaO, and
gO) were included in the calculations; for lignite,
a 2 O is also included due to its high amount; K 2 O
s excluded due to its low amount in the ash; how-
ver, the other components (SO 3 and P 2 O 5 ) were
lso neglected due to the fact that S and P are
olatile under high temperatures observed near thePlease cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 liquidus temperature [21] . It was assumed that all
Fe was in the Fe 3 + state under the oxidizing atmo-
sphere because a large portion of iron is in the Fe 3 +
state for oxidizing conditions [36] and both the Fe 2 +
and Fe 3 + states were considered under the reducing
atmosphere. 
2.3. PLSR and cross-validation 
The partial least-squares regression (PLSR)
technique is a mathematical technique that gener-
alizes and combines features from a principal com-
ponent analysis and multiple regression [37,38] .
Therefore, PLSR is able to analyze data of larger
and highly correlated multivariate systems and it
has a higher prediction ability than those obtained
with multiple regression [38,39] , which is suitable
for the present work because of the high correla-
tion coefficients among the independent variables
(liquidus temperature, Fe 2 O 3 , and alkaline/alkali
components). The one-at-a-time form of cross-
validation method, which is a criterion to calcu-
late the predicted error sum of squares when leav-
ing out a single observation, is often employed to
determine the stopping criterion and the number
of latent variables in the PLSR method [33,37–39] .
In this work, the algorithm of the PLSR, coupled
with the cross-validation, is analyzed and devel-
oped based on the Matlab platform as shown in
Fig. 2 . For more details about the PLSR and cross-
validation method, see [33,37–42] . n propensity of coals/blends combustion in boil- 
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Table 1 
Ash composition ranges for some US coals. 
Bituminous Low rank coal 
Minimum Maximum Sub-bituminous Lignite 
Minimum Maximum Minimum Maximum 
SiO 2 44 .8 55 .9 32 .2 41 .8 34 .3 37 .7 
Al 2 O 3 20 .5 28 .7 16 .4 22 .5 16 .7 18 .2 
Fe 2 O 3 6 .2 22 .1 4 .0 14 .7 5 .3 5 .6 
CaO 1 .4 5 .6 13 .8 21 .9 16 .7 18 .6 
MgO 0 .7 1 .4 2 .8 6 .5 3 .7 4 .0 
K 2 O 1 .2 2 .6 0 .5 1 .5 0 .3 0 .5 
Na 2 O 0 .3 1 .3 1 .0 1 .3 6 .3 6 .7 
Ash content 7 .5 10 .6 4 .9 6 .6 3 .9 4 .6 
Sulfur 0 .4 2 .7 0 .3 1 .1 0 .3 0 .4 
LHV (MJ/kg) 26 .4 30 .3 20 .6 24 .3 20 .6 21 .6 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 3. Results and discussion 
3.1. Application to boilers 
Two representative cases of utility coals have
been investigated: (i) Case 1 is the Eastern US bitu-
minous coals/blends combusted in T-fired boilers;
(ii) Case 2 is the Western US sub-bituminous or lig-
nite coals/blends combusted in opposed-wall boil-
ers. In this section, the results of the newly devel-
oped slagging indice predictions for the two cases
are analyzed. 
Case 1 contains 13 sets of coal combustion data
(including data for 6 sets of coal blends); Case 2
contains 17 sets of coal combustion data (includ-
ing data for 10 sets of coal blends). The range
of coals and ash properties for the 30 sets of US
coals/blends studies are presented in Table 1 . Bitu-
minous coals have a higher Fe 2 O 3 , SiO 2 and Al 2 O 3
contents compared to low rank coals but a lower
content CaO and MgO contents. Both bituminous
and sub-bituminous coals have low Na 2 O and K 2 O
contents contrary to lignites that have higher levels
of Na 2 O. Slagging observations in boilers are eval-
uated by using not only the field performance data
in the radiation and convection sections (FEGT,
soot blowing frequency increase, heat transfer rate,
etc.), but also periodic visual examinations of the
deposit strength/ease of removal. The degrees of 
the slagging observations, ranging from no slagging
to severe slagging, are represented using the values
from 0 to 1. Also the field slagging observations can
be classified into four groups: low slagging < 0.4;
0.4 ≤ medium slagging ≤ 0.6; 0.6 < high slagging
≤ 0.9; severe slagging > 0.9. 
Based on the ash compositions listed in Table 1 ,
the ash deposition indice for the bituminous type
is calculated in Case 1 and the ash deposition in-
dice for the lignitic type is calculated in Case 2. The
training data, which cover fuels of low, medium and
high slagging propensities, contain less than half of 
the total data set and therefore the testing data con-
tain more than half of the total data set; see thePlease cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 Supporting Information for details. After perform- 
ing the PLSR and cross-validation calculations, the 
correlations for calculating the ash deposition in- 
dice, I _ d for these cases are as follows: 
Case 1 : I _ d = 4 . 75 + 10 −4 × (−11 . 1 ∗ L T o 
− 7 . 85 ∗ L T r ) − 2 . 06 × 10 −2 ∗ ( Si O 2 + A l 2 O 3 ) 
+ 10 −2 × ( 2 . 06 ∗ F e 2 O 3 + 10 . 2 ∗ Sulfur ) (1) 
Case 2 : I _ d = 2 . 19 + 10 −4 
×(−5 . 79 ∗ L T o − 3 . 42 ∗ L T r ) − 6 . 31 × 10 −3 ∗
×( Si O 2 + A l 2 O 3 ) + 3 . 53 × 10 −3 ∗
×( CaO + MgO ) + 7 × 10 −3 ∗ ( N a 2 O + K 2 O ) 
(2) 
For both cases, the liquidus temperature and 
Si O 2 + A l 2 O 3 have negative coefficients, which im- 
plies that the predicted slagging observation will 
decrease with an increase in the liquidus temper- 
ature and Si O 2 + A l 2 O 3 . However, the parameters 
related to the initial slagging routes (Fe 2 O 3 , Sul- 
fur, CaO + MgO and Na 2 O + K 2 O) have a posi- 
tive coefficient which means that the predicted slag- 
ging/fouling observation increases with a higher 
content of these four parameters. 
Figure 3 shows a comparison of the predicted 
and experimental slagging observations and the 
prediction errors. It can be found that, (i) the pre- 
dicted results are close to the experimental results 
for both the training data and testing data, and (ii) 
the slagging predictions of the coal blends do not 
largely deviate from the slagging observations. In 
addition, the uncertainty of the predictions may 
be attributed to the number of the training data 
set. In our calculations, we tried the number from 
5 to 9. The predicted average relative errors range 
from 16.8% to 19.3% for Case 1 and from 9.0% to 
9.4% for Case 2, which indicates that the prediction 
performance may not be greatly affected by the 
number of the training data. Figure 4 illustrates n propensity of coals/blends combustion in boil- 
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Fig. 3. Comparison of slagging propensity between the 
predicted and experimental values and the prediction er- 
rors. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Comparison of the prediction performance among the 
matching field observations. 
Please cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 a comparison between the predicted performance
of the ash deposition indice, I _ d in this study
and some of the conventional slagging indices
based on the ranked slagging observations. It can
be observed that the ranking for the accuracy
of the prediction performance from high to low
is I _ d > I _ F e 2 O 3 >I _ Si = I _ B/A > I _ B/A × S
> I _ Si/Al for Case 1 and I _ d >I _ Si > I _ Si / Al
> I _ F e 2 O 3 > I _ B/A > I _ B/A × S for Case 2,
where I _ F e 2 O 3 , I _ Si , I _ B/A , I _ B/A × S and
I _ Si / Al represent the slagging indice of Fe 2 O 3
content, Si O 2 / ( Si O 2 + F e 2 O 3 + CaO + MgO ) ,
Basic content /Acid content, I _ B/A × sulfur con - 
tent and SiO 2 /Al 2 O 3 [ 14 , 16 ]. It was found that 11
out of 13 coals and 15 out of 17 coals evaluated
in Cases 1 and 2 respectively, were accurately
predicted for slagging propensity by the proposed
indice, I _ d . In contrast, conventional slagging
indices had limited success rates, ranging from 1 to
7 for case 1 (out of 13) and 0 to 12 for case 2 (out
of 17). Therefore, the indice built by considering
multi-slagging routes yields a higher success rate
in classifying the overall slagging/fouling poten-
tial in boilers than that of the typical slagging
indices. 
In addition, Fig. 5 shows the predicted val-
ues using the new indice for Case 1 and Case 2
defined in Eqs. (1) and (2) earlier versus the field
slagging observations. It can be observed that
the predicted value in the proposed ash depo-
sition indice increases with the increasing valueI _ d and fiv e slagging indices: the number of predictions 
n propensity of coals/blends combustion in boil- 
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Fig. 5. The predicted values in the proposed indice by liquidus temperature, SiO 2 + Al 2 O 3 , pyrite for Case 1, and 
alkali + alkaline for Case 2 versus the field slagging observations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 of the experimental slagging observations, which
indicates that both the initial slagging routes and
the sintered/slagging route increase with the field
slagging/fouling observations classification. This is
because the coexistent dual slagging (alkali vapor
induced slagging and the overall melting induced
slagging) inevitably occurs in boilers and dictates
the overall slagging behaviors [43] . 
3.2. Sensitivity of the method 
Adding mineral additives is common practice in
order to control the slagging and fouling problems
in boilers. Therefore, the influence of adding acid
components to coals that show higher deposition
potential was investigated to test the sensitivity of 
the developed method. 
Either SiO 2 or Al 2 O 3 was added as an additive
to three easy slagging/fouling US coals and the
predicted values of the indice are plotted against
the added SiO 2 or Al 2 O 3 content of the fuel and
the SiO 2 /Al 2 O 3 ratio as shown in Fig. 6 . The sensi-
tivity study indicates that by adding either SiO 2 or
Al 2 O 3 can reduce the predicted slagging potential.
This is because the added acid components could
reduce the melting potential due to the increase
in the liquidus temperature. In addition, the acidPlease cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 components could capture the alkali/alkaline va- 
por phase to decrease the condensation potential. 
Also the analysis shows that the value of the pre- 
dicted slagging potential decreases more rapidly 
by using Al 2 O 3 than when adding SiO 2 . Van Dyk 
and Waanders [44] and Li et al . [45] also found that 
Al 2 O 3 is more effective than SiO 2 due to its higher 
ability to increase the ash fusion temperature 
than that of SiO 2 . However, the analysis shown in 
the right section of Fig. 7 , indicates an opposite 
trend corresponding to the SiO 2 /Al 2 O 3 ratio when 
adding SiO 2 compared to adding Al 2 O 3 . It is 
noticed that Song et al . [20] found that ash fusion 
temperatures (AFTs) are increased with increasing 
the SiO 2 /Al 2 O 3 ratio from the fusion experiments 
and chemical equilibrium calculations. However, 
Liu et al . [46] found that AFTs are decreased with 
increasing the SiO 2 /Al 2 O 3 ratio from the fusion ex- 
periments. This is because, (see Ref. [20] ) the SiO 2 
was added into the ash with a relatively low CaO 
content (approximately 15%) and adding the SiO 2 
can lead AFTs to move from the low temperature 
region into the high temperature region [20] ; How- 
ever (see Ref. [46] ), when the SiO 2 is added into 
the ash with relatively high CaO content (approxi- 
mately 40%) the added SiO 2 can react with CaO to 
generate the low-melting anorthite and gehlenite n propensity of coals/blends combustion in boil- 
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Fig. 6. Values of the proposed indices as a function of the added SiO 2 or Al 2 O 3 mass fraction of the fuel and as a function 
of the SiO 2 /Al 2 O 3 ratio. 
Fig. 7. Effect of the SiO 2 /Al 2 O 3 ratio on the liqudius temperature. 
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 nd this leads the AFTs to move from a high tem-
erature region to a low temperature region [46] .
n this study, all the three coals with higher slag-
ing propensity have relatively low/medium CaO
ontent (ranging from 2.9% to 21.8%) and adding
ither SiO 2 or Al 2 O 3 could increase the liquidus
emperature from the chemical equilibrium cal-
ulations. In addition, further calculations, using
hemical equilibrium methods, were undertaken
o investigate the influence of the SiO 2 /Al 2 O 3 ratio
n the melting potential. In the calculations: (i)
n addition to the three coals tested in this study,
oal ashes from Ref. [20] and [46] were chosen; (ii)
he SiO 2 /Al 2 O 3 ratio is considered by changing the
ndividual amounts of SiO 2 and Al 2 O 3 simultane-
usly, holding the total sum (SiO 2 + Al 2 O 3 ) as con-Please cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 stant. Figure 7 shows the effect of the SiO 2 /Al 2 O 3
ratio on the liqudius temperature. It can be ob-
served that, basically, the liqudius temperature
decreases with increasing the SiO 2 /Al 2 O 3 ratio for
all coal ashes, which means that ash fusion and
slagging potential are increased with an increase
in the SiO 2 /Al 2 O 3 ratio. This is because the Al 2 O 3
content increases with a decrease in the SiO 2 /Al 2 O 3
ratio when the total amount of SiO 2 and Al 2 O 3 is
not changed. Careful consideration of all scenarios
is required when using the parameter (SiO 2 /Al 2 O 3
ratio) to predict the melting behaviors and slagging
potential. Both the ash composition of the original
coal and the way in which the SiO 2 /Al 2 O 3 ratio
changes can influence the effect of the SiO 2 /Al 2 O 3
ratio on the fusion and slagging potential. n propensity of coals/blends combustion in boil- 
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 3.3. Remarks on the implementation of the method 
In this paper a new method is developed based
on the ash chemistry, without considering the com-
plex particle transport and rebounding mecha-
nisms, to build an ash deposition indice for firing
US coals and their blends in boilers. The predicted
results of the developed indice and fiv e other e xist-
ing slagging indices have been compared with the
slagging observations for the 30 US coals/blends
with a history of ash deposition issues. The in-
dice built by using the proposed method yields a
higher success rate in classifying the overall slag-
ging/fouling potential in boilers than those existing
slagging indices. It is postulated that this method
has a potential to be used as an alternative tool
to build an ash deposition indice for industrial use
with a better prediction performance compared to
existing slagging indices. In addition, an advan-
tage of this method is that the newly developed in-
dice based on the known slagging/fouling history
from multiple boiler units makes it more suitable
for different boiler configurations and coal types,
although some of the aspects regarding the ash
chemistry need to be further investigated in order
to improve the accuracy and extend the application
range of the proposed method. Without addressing
the specific conditions in a boiler, the performance
of a predictive method could be less accurate [47] .
The index reported in this study does not consider
the combustion conditions explicitly in its formula-
tion and this may be limited to the conditions ob-
served in the units used to validate the index. Incor-
porating changes in combustion conditions could
be an ideal path moving ahead to further improve
the accuracy of this index. 
It should be noted that the initial slagging
route caused by the pyrite is represented by the
contents of Fe 2 O 3 and sulfur for US coals since
they are known to contain iron, predominantly in
the form of pyrite [11] . The distribution of pyrite
within the coal samples is important to predict the
ash deposition behavior. Excluded pyrite could
generate molten phases under lower temperature
and under a reducing atmosphere [3,7–9] . High
density and spherical shape of the molten phases
facilitate their arriving at the furnace wall surface
[9] . The included pyrite may react with the clay
or quartz minerals to generate the aluminosilicate
slag [3,11] . However, siderite may be the dominant
iron-bearing mineral for many other coals, such
as South African and Australian coals. Although
some researchers considered that in addition to
pyrite, its contribution to deposition formation
[11,12] needs further investigation. Furthermore, it
should be noted that, this study accounts for all of 
the alkaline/alkali species as active contributors to
condensation formation and this is primarily for
low rank coals where the alkaline/alkali species are
organically-bound [7,47] . However, not all of the
alkaline/alkali components are considered as activePlease cite this article as: X. Yang et al., Ash depositio
ers: a modeling analysis based on multi-slagging routes,
http://dx.doi.org/10.1016/j.proci.2016.06.060 forms, except for those leachable by water and weak 
acids [43,47,48] . Taking into consideration these 
factors could increase the accuracy of predicting 
deposit formation from alkali condensation. Also, 
it should be noted that the ash loading, which can 
affect the deposit accumulation in boilers [10] , is 
not considered in the proposed slagging indice 
because there is no significant difference in the ash 
loading for the tested US coals. However, if there 
exists a great difference in the ash loading, the 
parameter should be considered in the prediction 
model and this can be done by using the value of 
the ash compositions/ ash loading to replace the 
existing value of ash compositions [1,10] . 
4. Conclusions 
A novel method to build an indice is developed 
and used for predicting the overall slagging/fouling 
potential of coal/blends combustion in boilers. The 
method couples the initial slagging route caused 
either by pyrite or by alkaline/alkali components 
and the sintered/slagging route. The initial slagging 
route is predicted based on the corresponding ash 
components and the sintered/slagging route is pre- 
dicted based on the overall melting potential using 
the liquidus temperature calculated from chemical 
equilibrium methods. Utilizing the available slag- 
ging observation data from US coal fired boilers, 
PLSR coupled with the cross validation method 
was employed to develop the new ash deposition 
indice. 
It should be noted that both SiO 2 and Al 2 O 3 can 
reduce the slagging potential, but the drop in slag- 
ging propensity is more significant by adding Al 2 O 3 
compared to SiO 2 as confirmed by chemical equi- 
librium calculations. Finally, using the SiO 2 /Al 2 O 3 
ratio alone to predict the melting behaviors and 
slagging potential of coals is inaccurate owing that 
the SiO 2 /Al 2 O 3 ratio alone cannot dictate the over- 
all melting behavior. The proposed method has 
been validated against the field performance of 
slagging observations on 30 sets of US coals/blends 
combusted in utility boilers. The results obtained 
indicate that the developed indice shows a much 
higher success rate for ranking the overall slagging 
potential in boilers than the other fiv e conv entional 
slagging indices. 
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